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SUMMARY 


Studies on winter survival in temperate regions have 
emphasized the effects of subfreezing temperatures. The 
observed adaptations, notaply solute production, water 
content and habitat selection, have been linked in detailed 
ways with cold-hardiness. However, these same three kinds of 
adaptations may also enhance desiccation-resistance. We 
suggest that many of the physiological and ecological 
adaptations interpreted as conferring cold-hardiness may 
serve also to ensure winter survival in dry environments. 
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INTRODUCTION 


Many adaptations allow insects to survive subfreezing temperatures 
(1-9). Despite great complexity (10,11) consensus has emerged about the 
main elements as follows. Most species from cool temperate regions 
supercool; that is they remain unfrozen below their potential freezing 
points. In arthropods that supercool, commonly to -20°c to -40°%, 
nucleators that provide a surface on which ice-crystal growth can be 
initiated are masked or removed. Various solutes manufactured for the 
purpose also depress the supercooling and freezing points of body fluids. 
Most commonly, the solutes are low-molecular-weight substances, 
especially polyhydric alcohols such as glycerol (mannitol, sorbitol, 
threitol, erythritol, ribitol and others have also been reported), and 
less commonly sugars, notably trehalose (5,6,12,13). Such relatively 
small molecules would be expected to be most efficient in depressing 
supercooling and freezing points, because the colligative effect of 
solute molecules for this purpose depends on their number rather than 
their quality. However, some specific non-colligative effects on cold- 
hardiness also are known (13). Also, very ‘large cryoprotective protein, 
polypeptide or lipoprotein molecules occur in various species of insects 
(14). They appear to function by preventing ice growth at any ice-water 
interface. 


A second group of insects, well represented in the arctic for 
example, is freezing-tolerant, surviving actual (extra-cellular) freezing 
of the body. In most of these species, nucleators are manufactured which 
raise the supercooling point and cause ice to form at relatively high 
subfreezing temperatures (14). Apparently, these nucleators are proteins 
or polypeptides. Such an adaptation prevents the very rapid, and 
potentially injurious, ice-crystal growth that takes place when freezing 
is initiated in very cold supercooled solutions. Freezing tolerant 
species also contain cryoprotectants, commonly including, again, glycerol 
and other polyhydric alcohols. 


Some forms of injury due to freezing are a consequence of 
dehydration. Studies in both animals and plants have shown that 
increased solute concentration, pH changes, and physical shrinkage that 
occur as water leaves cells during freezing may injure the cells, 
especially by membrane damage (15-18). Because many overwintering 
species are exposed for a long time to dry, cold air, we emphasize here 
the requirements of overwintering insects for resistance to desiccation 
rather than to cold. This emphasis stems from our belief that many of 
the adaptations claimed to allow survival at low temperatures in fact 
instead or as well minimize water loss. Rather than being involved only 
in freezing events at the cellular level, for example, they thus allow 
overwintering insects to survive desiccating conditions. For example, 
substances normally thought of as cryoprotectants can limit desiccation 
in both summer and winter. Reductions in body water enhance these 
effects. Several independent lines of evidence support this idea, as 
explained here: aqueous solutions, and whole insects, containing greater 
quantities of cryoprotectant substances lose water more slowly; in 
arctic, antarctic, alpine and temperate species, seasonal patterns of 
production of these substances, and of body water, as well as habitat 
associations, accord with their roles in desiccation resistance; and the 
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build-up of the same compounds even in temperate species in summer and in 
tropical species, which never experience subfreezing conditions in 
nature, lends further credence to the possibility that they confer 
desiccation resistance independent of any roles in cryoprotection. 


DESICCATION 


The rate at which water leaves an insect depends on the chemical 
potential of the body fluids, the total mass of water in the water pool, 
and the permeability of the waterproofing layers (19). In addition, 
water loss can be minimized in protected habitats with high humidity, 
such as inside cocoons or under the snow. Water can also be restored by 
ingestion, but although in some species acquiring water may even be the 
objective of feeding (20), feeding as well as imbibing water directly is 
not possible at low temperatures or in dormant individuals. 


Most attention in studies of desiccation resistance has been paid 
to how the permeability of the integument is reduced, for example by 
sculptured cuticles, waxy cuticular coverings, and the control of 
spiracular respiration. Some dormant insects even respire cyclically, a 
pattern. believed to assist in water conservation (21) because the 
spiracles open only intermittently. However, insects can also adjust the 
other factors that govern the rate of water loss: chemical potential of 
the body fluids, controlled by solutes; amount of water available for 
loss, controlled by the amount and mobility of body water; and 
environmental conditions, controlled in part by habitat selection. 
Controlling these same three factors confers protection against cold. 
The potential dangers of desiccation during winter, and the potential 
importance of these three factors in protecting against them, therefore 
have been obscured by previous emphasis on cryoprotection. 


SOLUTES 


Compounds of low molecular weight, such as glycerol, protect 
tissues in various ways from subfreezing temperatures (2). Many insect 
species produce these compounds, universally referred to as 
cryoprotectants, for the winter (22, Table 1). Such compounds, acting in 
the same way as for supercooling-point depression and thus effective in 
terms of the numbers rather than the quality of solute molecules, depress 
the vapour pressure of their aqueous solutions, and therefore reduce the 
rate of water loss. In the range of concentrations normal for 
overwintering insects (for example, 0.5 to 5 M, Table 1) such solutes 
would be expected to reduce the vapour pressure of supercooled solutions 
below that of ice at the same temperature, which itself has lower vapour 
pressure than supercooled water (23). 


These substances have been studied chiefly in overwintering 
insects. However, diapause pupae of the winter moth Operophtera brumata 
and the Bruce spanworm O. bruceata manufacture glycerol, glucose and 
other compounds in summer (Table 2). At that time the pupae are exposed 
to potentially desiccating conditions near the surface of the soil, but 
do not experience cold temperatures. Moreover, even some tropical 
species that never experience freezing temperatures contain similar 
compounds: glycerol and glucose accumulate up to 8 mg/g dry weight in 
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Table 1. 


"cryoprotectants" for winter. 


Selected examples of species that accumulate 


Main low- 


Species (stage) 


Coleoptera 
Carabidae 
Pterostichus 
brevicornis 
(adults) 


Pythidae 


Pytho deplanatus 
(larvae) 


1 


Pytho americanus+ 


(larvae) 


Scolytidae 


Ips acuminatus 
(adults) 


Diptera 
Tipulidae 


Tipula trivittata 
(larvae) 


Chironomidae 


Belgica antarctica 
(larvae) 


Tephritidae 


Eurosta solidaginis 
(larvae) 


Lepidoptera 
Olethreutidae 


Epiblema scudderiana 
(larvae) 


Lymantriidae 


Gynaephora 


groenlandica 
(larvae) 


Papilionidae 
Papilio machaon 
(pupae) 


Hymenoptera 
Tenthredinidae 
Pontania sp. 
(larvae) 


Braconidae 


Bracon cephi 
(larvae) 


1 pollock (38) regards both Pytho deplanatus and P. americanus as 


synonyms of P. planus. 


molecular- 
weight 

substance (s) 
(other 
substances) 


Glycerol 


Glycerol 
(trehalose) 


Glycerol 
(trehalose) 


Ethylene glycol 


Sorbitol 
(others) 


Glycerol, 
erythritol, 
fructose, 
glucose 


Glycerol, 

sorbitol 

(trehalose, 
others) 


Glycerol 


Glycerol 
(trehalose) 


Glycerol 


Sorbitol 


Glycerol 


Max. winter 
concentration 
(approx. 
molarity) Reference (#) 
Miller 1969 (24) 
4.4M Baust & Miller 
1970, 1972 
(25,26) 
3M Ring 1982 (27) 
1M Ring & Tesar 
1980 (28) 
1M Gehrken 1985 
(29) 
0.4M Duman et al. 
1985 (30) 
0.5M Baust 1982 (31) 
0.9M Morrissey & 
Baust 1976 (32) 
2M Rickards et al. 
1987 (33) 
< 1M Kukal et al 
1988 (34) 
0.6M Shimada 1980 
(35) 
< 1M Ring 1983 (36) 
5M Salt 1959 (37) 


2 Maxima of different substances are not coincident. 
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diapause adults of the neotropical endomychid beetle Stenotarsus 
rotundus, even though temperatures rarely drop below 24°C (39). Finally, 
polyols serve in resistance against extreme desiccation, as in cysts of 
the brine shrimp, Artemia, apparently by acting as water substitutes and 
by stabilizing protein structure (40). These pieces of evidence suggest 
that such solutes serve to protect insects from desiccation in both 
‘summer and winter. 


Table 2. Occurrence of some low molecular weight solutes in pupae of 
Operophtera brumata and O. bruceata during summer diapause. 


Substance Weight) 
—_—,€ =#=## . = A T 
Glycerol 0.70 
Glucose 0.22 
Galactose trace 
Unknown 0.60 
O. bruceata 
Glycerol 0.26 
Glucose 0.25 
Galactose 0.20 
Unknown 0:11 


In comparison, the overwintering diapause eggs of O. brumata have 
glycerol (0.20% F.W.), glucose (trace), galactose (0.99% F.W.), and 
unknown (trace) present. 


WATER CONTENT 


Overwintering insects commonly reduce their water contents, and an 
increased fraction of the water may become "bound" and thus unfreezable. 
For example, bound water increases about three-fold in larvae of Eurosta 
solidaginis held at -300C to nearly two-thirds of dry weight (41). 
Unfreezable water results from kinetic constraints due to features such 
as solute concentrations, as well as from water associated with 
structural components. 


Reduced water contents have been reported in many species in 
preparation for or during winter (Table 3), including both freezing- 
tolerant and freezing-intolerant species. Lozina-Lozinskii (42) reports 
that “not a drop of liquid can be expressed from the larvae of bark 
beetles that have overwintered in unprotected places". Reduced water 
content helps to increase the concentration of solutes, enhancing 
supercooling, and may prevent additional water from freezing onto extra- 
cellular ice once freezing has been initiated. Adaptations that lower 
the fraction of water available for freezing or reaction, and that raise 
the solute concentration, also reduce the amount available for 
evaporation or sublimation. Under these circumstances, the rate of water 
loss is likely to decrease (desiccation resistance) and the amount of 
water loss that can be tolerated is likely to increase (desiccation 
tolerance) (43). 
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Alternatively, species resistant to desiccation may have relatively 
high body water contents in summer, as in larvae of the antarctic beetle 
Perimylops antarcticus, 75-78% of fresh weight (43). These larvae have 
slower rates of water loss and the ability to survive greater reduction 
in water content than some other species from similar habitats. 
Consequently, they can survive better in drier, more exposed habitats 
(43). 


MICROHABITATS 


Most insects seek sheltered sites for winter (44, 45). Especially 
in litter and beneath snow, temperatures are buffered, and examples of 
winter survival only in those sites that best protect their inhabitants 
from cold, such as the lower, snow-covered, branches of trees, have been 
emphasized (46). At the same time, however, relative humidity is much 
higher in fully protected habitats than in exposed ones, so that insects 
that overwinter fully exposed must resist desiccation. For example, the 
desiccation resistance of willow sawflies and their parasitoids was 
directly related to the degree of exposure of their habitats (47). As in 
the antarctic species just referred to, the rate of water loss and the 
degree of water loss tolerated were greater in species from more exposed 
habitats. Such differences were more striking than differences in 
survival following exposure to very low temperatures, suggesting that 
microhabitat differences in humidity are more important than those of 
temperature. Among the three nematine sawflies that feed on arctic 
willows (Salix spp.), the overwintering pronymphs of Amauronematus 
amentorum, a catkin (ament) feeder that overwinters in exposed catkins, 
was found to be the most desiccation resistant (47). Pontania sp. 2, a 
leaf-gall former which overwinters in a less exposed habitat at the 
tundra surface, was less desiccation resistant than A. amentorum, while 
Pontania sp.1, another leaf-gall former which overwinters under a heavy 
snow cover, was prone to desiccation even in optimal conditions. 
Moreover, A. amentorum was found to tolerate the greatest and Pontania 
sp.1 the least amount of water loss. The ectoparasitoids of these 
species were also extremely desiccation resistant. 


On a smaller scale, an insect would lose no water in a fully sealed 
cocoon or other hibernaculum in which the vapour pressure of the air 
outside the insect is the same as that inside it, provided both were 
frozen when the temperature fell below 0°C (54). Microhabitat selection, 
therefore, may serve in desiccation resistance. Moreover, a small 
hibernaculum or a cocoon has little effect on the temperature of the 
insect inside it (55), but it does modify humidity in addition to 
providing possible protection against inoculative freezing, ice or 
flooding (44, 56). 


CONCLUSIONS 
A preoccupation with the effects on living tissues of ice formation 
and its avoidance has meant that adaptations of physiology during cold 
winters have been interpreted in terms of cold-hardiness. 
The evidence presented here suggests that desiccation resistance 


also is important. Such multiple roles for physiological and ecological 
adaptations should not be surprising, because insects survive only if 
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Table 3. Selected examples of species that have reduced water content 
in winter in the same life stages. 


OO prox. water Relative water © 
content of summer content of winter 
or- non-acclimated or acclimated 
Species individuals (%) individuals (1) Reference (#) 


Northern terrestrial 


species 
Coleoptera 
Pythidae 
Pytho deplanatus? 69 0.57 Ring 1982, 1983 
(27,36) 
Pytho americanus? 68 0.74 Ring & Tesar, 1980, 
1981 (28,48) 
Ring 1983 (36) 
Coccinellidae 
Coccinella gquinquenotata 70 0.87 Ring 1983 (36) 


Northern aquatic species 


Diptera 
Chironomidae 
Chironomus "sp.2" 85 0.93* Danks 1971 (49) 
Tanytarsus norvegicus 85 0.93* Danks 1971 (49) 


Temperate terrestrial species 


Coleoptera 
Coccinellidae Baust & Morrissey 
Coleomegilla maculata 63 0.80 1975 (50) 
Ring 1983 (36) 
Tenebrionidae 
Bolitophagus reticulatus 65 0.77* Gehrken et al. 
1991 (51) 
Scolytidae 
Ips acuminatus 57 0.86* Gehrken 1984, 
1985, 1992 
(52,29,53) 
Temperate aquatic species 
Diptera 
Chironomidae 
Polypedilum simulans 75 0.95* Danks 1971 (49) 
Einfeldia synchrona 80 0.94* Danks 1971 (49) 
1 


Relative water content is given as a proportion of the maximum value 
for summer or non-acclimated individuals. 


2 see footnote! to Table 1. 


* Marks reductions that, even if relatively limited, were nonetheless shown by 
original authors to be statistically significant. 
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they are adapted simultaneously to many different environmental 
constraints. Indeed, Cloudsley-Thompson (57) pointed out that 
supercooling occurs even in tropical species. He concluded that it 
appears to be a "taxonomic" character. Supercooling would also be widely 
distributed if it is one result of adaptations, such as maintenance of 
solutes, for other functions unrelated to cold, including desiccation 
resistance. 


Much of the evidence for adaptations to desiccation is indirect or 
circumstantial, but stronger evidence comes from both physiological and 
ecological arenas: the presence of "cryoprotectants" in summer and in 
tropical insects, rates of water loss, and habitat correlations. 
Studying these adaptations is made more difficult because there are 
simultaneous integument-—based adaptations to minimise water loss. 
Nevertheless, especially in species that are not well known for 
resistance to desiccation in active stages through thick cuticular wax or 
large size, for example, useful questions include: are cryoprotectant 
levels elevated in some species from desiccating environments?; do 
patterns of body water availability accord with the drying power as well 
as the temperature of winter microhabitats?; and how effectively do 
winter cocoons resist desiccation? 


Studies of insect diapause, which controls the timing of the life 
cycle, suggest that diapause arose not in the cool-temperate regions 
where most studies have been carried out, but in the tropics in response 
to seasonal drought (56). Diapause is not ‘then initially an adaptation 
to cold winters. By the same token, we might even speculate that the 
build-up of some of the substances we now know as cryoprotectants could 
initially have. been associated with environmental factors other than 
cold. 


Nonetheless, actual dehydration appears to be important to the 
cold-hardiness of many species. For example, passive diffusion of water 
out of eggs of the stonefly Arcynopteryx compacta reduces hydration and 
increases supercooling (58). A similar effect appears to dehydrate 
chironomid larvae in shallow arctic ponds, leading to wrinkling and loss 
of water beyond the level caused by pre-winter physiological adjustments 
(49). In some species, desiccation even appears to stimulate glycerol 
production (59, 60). In some exposed terrestrial species, winter water 
contents fall to less than half of the summer levels (27), although such 
reductions more likely occur through the binding of water than by its 
actual loss to the outside. 


In summary, we hypothesize that many adaptations of overwintering 
insects in biochemistry, water content, and habitat choicerelate to 
desiccation resistance as well as to cold-hardiness. This hypothesis 
should be investigated directly, complementing the current preoccupation 
with adaptations to subfreezing temperatures. 
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